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(57) ABSTRACT

The present invention relates to a method and arrangement in
a wireless communication system, e.g. an evolved UMTS
Terrestrial Radio Access Network, for improved scheduling
and admission control of the uplink by providing an improved
determining of power-related quantities, e.g. neighbor cell
interference levels, for specific tones and providing more
accurate recursive estimation of noise-related quantities, e.g.
noise floor power estimates, for specific tones. The method
and arrangement obtains a neighbor cell interference measure
for each subset of tones from at least a noise floor measure for
each subset of tones based on combined power quantities
from the total uplink power per subset of tones and dividing
said noise floor measure into sub noise floor measures for
each subset of tones, said dividing dependent on the band-
width of each subset of tones.

9 Claims, 10 Drawing Sheets
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1
METHODS AND ARRANGEMENTS FOR
MEMORY-EFFICIENT ESTIMATION OF
NOISE FLOOR

TECHNICAL FIELD

The present invention relates in general to methods and
devices for estimation of power-related quantities in cellular
communications systems, and in particular for estimation of
noise floor.

BACKGROUND

Long Term Evolution (LTE) telecommunication systems
are an evolution of Wideband Code Division Multiple Access
(WCDMA) telecommunication systems introducing a new
air interface. LTE has many attractive properties that can be
used for future development of telecommunication services.
A specific technical challenge in, e.g., LTE and similar sys-
tems is the scheduling of uplink channels to time intervals and
frequencies where the interference conditions are favourable,
and where there exist a sufficient capacity in the uplink. This
can be done since different users in LTE are allocated to
different sub-bands (also called tones) during each timeslot.
Due to leakage between the sub-bands other existing users of
the cell all contribute to the interference level of a specific
user inthe uplink of LTE systems. Further, terminals in neigh-
bour cells also contribute to the same interference level. This
is because all users and common channels of all cells transmit
in the same uplink frequency band when LTE technology is
used. Thus, users of neighbour cells that transmit on the same
tones as users in the own cell will produce interference. Two
sources of interference are present—from users in the own
cell and from users of neighbour cells.

In order to schedule the traffic in the own and neighbour
cells efficiently, it is desirable to know the level of interfer-
ence for each tone of the uplink. With such knowledge it
becomes possible to schedule traffic to free tones where the
interference level is low. In that way the transmission from the
terminal (UE) to the base station (eNodeB) will be efficient.
Reversing the argumentation, it is clear that scheduling to
tones with a high interference level should be avoided,
because such scheduling interferes with ongoing uplink
transmission in neighbour cells.

As discussed above, the interference power at a specific
tone is the sum of the interference from neighbour cells and
the leakage power from the other tones of the own cell. Now,
the leakage from other tones of the own cell depends in a
known way on the selected filter bank. Hence, knowledge of
the total power levels of the received signals of the uplink of
the own cell can be used to compute the expected leakage
power, that affects a specific tone. Consequently, it is possible
to filter out, at least to some extent, the own cell interference.
This leaves the neighbour cell interference as the major
source of interference for each tone of the own cell.

The interference level of a specific tone of a cell in, e.g., an
LTE system is usually expressed with respect to some refer-
ence, typically the thermal noise power floor. It is thus nec-
essary to determine the noise power floor in order to deter-
mine the interference level. Determinations of noise floor
have in the past typically been associated with relatively large
uncertainties, often of a size of several dBs. This is an effect
of unknown scale factor errors of the front end receiver elec-
tronics. Prior art solutions for estimation of the noise floor,
e.g. the international PCT-applications WO 2007/024166 and
WO 2008/004924, describe means for noise floor estimation
that are suitable for code division multiple access communi-
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cations systems. They do, however, not disclose any means
suitable for estimation of the noise floor for single tones of the
LTE uplink. Neither do they address LTE-specific problems,
e.g. relating to the filtering of leakage between tones of the
own cell, which is a consequence of the uplink multiple
access method used in LTE and different from the one used in
code division multiple access systems. Finally, they do not
address the estimation of the neighbour interference level of
specific tones of the LTE uplink, exploiting a (possibly uncer-
tain) estimate of the thermal noise power floor of said specific
tones, Therefore, there is a need for methods and arrange-
ments for providing efficient and accurate real time estimates
of the thermal noise power floor and the neighbour cell inter-
ference level, applicable to the LTE uplink multiple access
method.

The admission of new users into the LTE telecommunica-
tion system provides a way to regulate the load of LTE cells
and may be performed either in the eNodeBs or in another
node. The admission rules may typically use information on
the total power level of the cell, the own channel power of the
cell, the neighbour cell interference level ofthe cell, as well as
information on the thermal noise power floor of the cell.
Therefore there is a need for methods and arrangements for
aggregating, for each ofthe subsets of frequency sub-bands of
the total LTE frequency band, the total power, own channel
power, and neighbour cell interference power to obtain the
total cell power, the total own cell channel power, and the total
neighbour cell interference level. Furthermore, there is a need
for means providing signaling of a subset of the total cell
power, the total own cell channel power, the total neighbour
cell interference level, and the thermal noise floor measure to
an external node, or another function within the e Node B.

Also, the memory consumption associated with the esti-
mation of the thermal noise power flow in an LTE-system
may in previously known systems require a too high amount
of'memory, e.g. about 10-100 MByte of memory, which is not
acceptable for an ASIC-implementation.

A general problem with prior art LTE communications
networks is that neighbour cell interference estimations are
presented with an accuracy that makes careful scheduling of
uplink traffic difficult. In particular, the determination of
neighbour cell interference suffers from significant uncer-
tainties, primarily caused by difficulties to estimate the noise
floor.

SUMMARY

It is a general object of the present invention to achieve
improved methods and arrangements with low requirements
on memory for accurate determinations of power-related
quantities, e.g. neighbour cell interference levels, for specific
tones of the LTE uplink.

It is another object of the present invention is to provide
methods and arrangements for more accurate determination
of noise related quantities, e.g. noise floor power estimates,
for specific tones of the LTE uplink.

These and other objects are achieved in accordance with
the attached set of claims.

According to one aspect, the present invention comprises a
method for noise floor power estimation from a sequence of
power quantities, possibly combined from power quantities
related to each of a number of frequency sub-bands. Said
method includes the steps of estimating a noise floor power
measure, typically represented by a conditional probability
distribution, for the complete frequency band; and thereafter
estimating sub noise floor power measures for each frequency
sub-band, said sub noise floor measures typically represented
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by conditional probability distributions, accounting for the
bandwidth of each frequency sub-band and resulting in values
of said conditional probability distributions on pre-selected
power grids.

From the measured samples of at least the total uplink
power, a probability distribution for a first power quantity is
estimated. Typically, this first power quantity is the total
uplink power itself. The probability distribution for the first
power quantity is used for calculating a conditional probabil-
ity distribution of a noise floor measure. This calculating is
performed recursively thereby reducing memory require-
ments of the algorithm to negligible levels. A value of a noise
rise measure is finally calculated based on the conditional
probability distribution for the noise floor measure.

Embodiments of the present invention include

said sequence of power quantities consisting of a sequence

of total powers of one or more of the subsets of fre-
quency sub-bands;
said sequence of power quantities consisting of a sequence
of'total powers of each subset of frequency sub-bands as
well as a sequence of own cell signal powers related to
one or more of the subsets of frequency sub-bands;

said sequence of power quantities consisting of a sequence
of'total powers of each subset of frequency sub-bands, as
well as a sequence of own cell signal powers related to
one or more of the subsets of frequency sub-bands, said
sequence of own cell signal powers being removed from
said total powers of each subset of frequency sub-bands
by application of a filtering operation for obtaining a
residual power measure related to remaining neighbour
cell interference power; said residual power measure
being represented by a probability distribution on a dis-
cretized residual power grid.

According to another aspect, the present invention com-
prises a method of neighbour cell interference estimation
from said conditional probability distribution representing
the noise power floor measures for said subsets of frequency
sub-bands, representing from said probability distributions
the residual power measures, and calculating a probability
distribution representing the neighbour cell interference on a
pre-selected interference grid.

A further aspect of the present invention comprises means
for calculating of optimal estimates and optimal variance
estimates of neighbour cell interference powers and noise
power floors for said subsets of frequency sub-bands; said
optimal estimates and optimal variance estimates calculated
as conditional means exploiting the estimated conditional
probability distribution of the neighbour cell interference
powers and the thermal noise power floors for said subsets of
frequency sub-bands.

Yet a further aspect of the invention relates to a node,
typically a eNodeB, in a wireless communications system
comprising means for obtaining measured samples of at least
the total uplink power and means for estimating a probability
distribution for a first power quantity from at least the mea-
sured samples of at least total uplink power. The node further
comprises means, operating in a recursive manner, for recur-
sively calculating a conditional probability distribution of a
noise floor measure based on at least said probability distri-
bution for a first power quantity. The node also comprises
means for calculating a value of the noise rise measure based
on the conditional probability distribution for the noise floor
measure.

One advantage of the present invention is that an accurate
noise rise value can be provided, even in the presence of
neighbour cell interference, external interference sources,
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and rapidly fluctuating powers. Furthermore, the present
invention has a comparatively low computational complexity
and memory requirements.

An important advantage is that the algorithm according to
the present invention lends itself to ASIC implementation due
to the fact that it operates as a recursive filter with no need for
dynamic memory allocation. This fact makes the proposed
algorithm suitable for a replacement of a sliding window
based algorithm.

Further advantages are discussed in connection with the
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further objects and advan-
tages thereof, may best be understood by making reference to
the following description taken together with the accompa-
nying drawings, in which:

FIG. 1 shows a signal chain of an eNode B performing
neighbour cell interference estimation.

FIG. 2 is a schematic illustration of signal powers occur-
ring in a typical LTE system in which the present invention
can be implemented.

FIG. 3 is a schematic illustration of functionalities accord-
ing to embodiments of the present invention.

FIG. 4 is an illustration of interdependent recursive algo-
rithms according to the present invention.

FIG. 5 illustrates signal powers occurring in a typical cel-
Iular mobile communication system.

FIG. 6 illustrates main parts of an embodiment of a system
according to the present invention.

FIG. 7a-7¢ are flowcharts illustrating the method accord-
ing to the present invention.

FIGS. 8a and 85 illustrate radio access network nodes
according to the present invention.

FIG. 9 illustrates a flow diagram of main steps of an
embodiment of the method according to the present inven-
tion.

DETAILED DESCRIPTION

In the present disclosure, complements to different distri-
bution functions are discussed. The complement to a cumu-
lative distribution function F is thereby defined as one minus
the cumulative distribution function F. In the case of, e.g., a
cumulative error distribution function F ., to(x—f(Proleal’"a"
(t'It")) (defined further below), the complement of the cumu-
lative error distribution function becomes 1-F,, (X~
R <N (1)),

Reference and Measurement Points:

In a typical signal chain of a eNodeB 10, cf. FIG. 1, a
received wideband signal from an antenna 11 first passes an
analogue signal conditioning chain 12, which consists of
cables, filters etc. Variations among components, together
with temperature drift, render the scale factor of this part of
the system to be undetermined with up to +2 dB, when the
signal enters a receiver. This is discussed further below. In the
receiver 13, a number of operations take place. For interfer-
ence estimation it is normally assumed that a total received
power is measured at some stage. Hereby, a major problem is
how to use this and other pieces of information to estimate the
thermal noise power.

There are several reasons for the difficulties to estimate the
thermal noise floor power. One reason, as indicated above, is
that the thermal noise floor power, as well as the other
received powers, is affected by component uncertainties in
the analogue receiver front end 12. The signal reference
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points are, by definition, at the antenna connector 11. The
measurements are however obtained after the analogue signal
conditioning chain 12, in the digital receiver 13. The above
mentioned uncertainties also possess a thermal drift.

The analogue signal conditioning electronics chain 12 does
introduce a scale factor error of about +2 dB between radio
base stations (batch) that is difficult to compensate for. Any
power measurement that is divided by the default value of the
thermal noise power floor may therefore be inconsistent with
the assumed thermal noise power floor by +2 dB. This results
in an interference estimate that is also wrong by =2 dB.
Considering the fact that the neighbour cell interference lev-
els in LTE system are of the same order, it is clear that an error
of +/-2 dB is not acceptable. All powers are approximately
equally affected by the scale factor error y(t). Thus, when the
interference ratios [4(t) are calculated, the scale factor error is
cancelled as

PDigiral Receiver([) _ )/([)PAmmm([) [€Y)]

IR = pDigial Receiver (0 Pl
N

— IAmenna ([)

where [,&@iReceiver 1y and [, 44 (t) are the interference
ratios as measured at the digital receiver and at the antenna,
respectively; PPgiaiRecever(ty and P4ema(ty are received
powers at the digital receiver and the antenna, respectively;
and P, PrgitaiReceiver and p Antenna gre the thermal noise level
as measured at the digital receiver and the antenna, respec-
tively. However, equation (1) requires a measurement of the
noise floor P, g @iReceiver qigita] receiver. As will be clear
later, estimation of the absolute value of the neighbour cell
interference also requires a prior thermal noise floor estima-
tion step.

FIG. 5 illustrates the contributions to power measurements
in connection with a radio base station 501. The radio base
station, e.g. an eNodeB in an E-UTRAN, is associated with a
cell 50 within which a number of mobile terminals 502 are
present communicating with the radio base station 501 over
various links 503, each contributing to the total received
power. The cell 50 has a number of neighbouring cells 51
within the same mobile communication system, each of
which associated with a radio base station 511 and compris-
ing mobile terminals 512. The mobile terminals 512 emit
radio frequency power whereby the sum of all such contribu-
tions from a neighbouring cell is denoted PV, There may also
be other network external sources of radiation such as, e.g., a
radar station 52. Contributions from such sources are denoted
PZ. Finally, the term P,, arises from the receiver itself.
Observability of the Noise Floor:

One reason for the difficulties to estimate the thermal noise
floor power now appears, since even if all measurements are
made in the digital receiver, the noise floor cannot be directly
measured, at least not in a single e Node B. The explanation is
that neighbour cell interference and interference from exter-
nal sources also affect the tones in the receiver, and any mean
value of such sources cannot be separated from the noise
floor. Power measurements in the own cell channels can
improve the situation but do, however, not solve the entire
problem. On top of the above, power leakage from adjacent
tones can add to the interference, particularly in cases with
sampling and frequency errors.

FIG. 2 illustrates various contributions to power measure-
ments in connection with an arbitrary eNodeB 501 in a wire-
less communication system, e.g. as illustrated in FIG. 5. In
FIG. 2, solid arrows indicate measurable quantities while
dashed arrows indicate non-measurable quantities. The eNo-
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6
deB 501 is associated with a cell 50. Within the cell 50 a
number of mobile terminals 502 are present, which commu-
nicate with the eNodeB 501 over different links, each con-
tributing to the total received power in a sub-set of tones, to
which the terminal is allocated. This power is denoted P
Tom, (t), where m, =1, . . ., M denotes the terminal number and
I(m,) the subset of numbers of tones used by one terminal in
time slot t. fy,, , denotes the corresponding frequencies of the
tones. The cell 50 has a number of neighbouring cells 51
within the same LTE system, each associated with a respec-
tive eNodeB 511 and comprising mobile terminals 512 emit-
ting radio frequency powers whereby the sum of all contri-
butions of emitted radio frequency powers of said mobile
terminals 512 is denoted by Pj(mi)N . There may also be leakage
power from adjacent tones, denoted P—|7(mz_)L. Here -1(m,)
denote tone numbers that are not in I(m,). Finally, the thermal
noise Py, of the frequency sub-bands f;,,, arises from the
receiver itself. It should be noted that Py 3, is not the same as
the thermal noise floor for the whole uplink frequency band.
It is clear from the above that at least P7(mi)N and Py, are
not measurable and hence need to be estimated. Sometimes P
= 7(,,,1_)L can be estimated from measurements of own cell pow-
ers of other users in the same cell—this is described further
below. The total power measurement in the sub-set of tones, P

7(m1_)T°’“Z(t), can be expressed according to:
Py OO+ Py O+ i O+Pvzime

Tomy(0)

@
where e,,,,(t) models measurements noise.

It can be mathematically proven that a linear estimation of
P7(mi)N and Py, is not an observable problem. Only the
quantity Py, ;" +Py3,,, is observable from available mea-
surements, provided that P 7(m1.)L is measured. Otherwise
only P7(mi)N +P70my+P 7(,,,)L is observable but there is no
conventional technique that can be used to separate the ther-
mal noise power floor from power mean values originating
from neighbour cell interference and other in-band interfer-
ence sources.

Noise Floor Estimation:

A possible solution to achieve noise floor estimation is to
use an individual determination of the thermal noise floor for
each radio base station in the field in order to achieve a high
enough neighbour cell interference estimation performance.
The establishment of the default value for the thermal noise
power floor, as seen in the digital receiver, requires reference
measurements performed over a large number of radio base
stations either in the factory or in the field. Both alternatives
are costly and need to be repeated as soon as the hardware
changes. The above approach to solve the problem would
require calibration of each eNodeB individually. This would
however be very costly and is extremely unattractive. Further-
more, temperature drift errors in the analogue signal condi-
tioning electronics of perhaps 0.3-0.5 dB would still remain.

Another potential approach would be to provide an estima-
tion of the thermal noise power floor. One principle for esti-
mation of the thermal noise power floor is to estimate it as a
minimum of a measured or estimated power quantity com-
prising the thermal noise floor. This minimum is typically
calculated over a pre-determined interval in time. If no mea-
surements of channel power and in-cell interference are avail -
able, the power in question is the total received power, in the
subset of tones typically corresponding to one user in a time
slot. Note that subsets of tones of a set of users can also be
used.

As it is a well known fact that the thermal noise floor
contribution always is present it can be concluded that, in case
measurement uncertainties are neglected, the noise floor con-
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tribution has to be equal to or smaller than the minimum value
of'the total received power in a subset of tones received within
acertain period of time. In essence, the minimum value of the
total power within a certain time interval constitutes an upper
limit of the unknown noise floor.

A possible solution according to the above discussion
could be a hard algorithm for estimation of the thermal noise
power floor in the sense that a hard minimum value is com-
puted over a sliding window and used as an estimate of the
thermal noise power floor. Consequently, the noise floor
could be determined as the minimum value (over a selected
interval of time) of either the sum of the power of the noise
floor and the power of neighbour interference or the total
received power.

The neighbour interference is then subsequently calculated
from the above of the above two quantities. The lower of the
two above quantities does not allow a calculation of the neigh-
bour cell interference. In case the interference from other
tones of the cell is not measured, then it may be lumped
together with the neighbour cell interference, to a total inter-
ference measure.

With reference to FIG. 3, another possible solution pro-
vides a different principle, based on soft estimation of the
thermal noise power floor and the neighbour cell interference.
In the most advanced form, the neighbour cell interference
estimation is performed in three main blocks.

The first block 31, i.e. power estimation block, applies a so
called Kalman filter for estimation of certain power quantities
that are needed by subsequent processing blocks. The inven-
tion relates to a Kalman filter, in particular the model and
compensation for leakage power as will be discussed below.
Specifically, the block 31 receives a number of inputs 61A-D
comprising the measured received total power Pj(mi)TO’“l(t),
61A, in the subset of tones of terminal m,, the measured total
power of the subsets of tones of other terminals m, P
7(mj)T°’“l(t), 61B, the measured channel power Py,,,, (1), 61C, in
the subset of tones of terminal m,, and the measured channel
power Py, (1), 61D, of the subsets of tones of other terminals
m;. The block 31 provides outputs comprising power esti-
mates 62A, 62B and corresponding standard deviations 63 A,
63B. The output 62A is the estimate of a power quantity being
the sum of neighbour cell interference power and thermal
noise floor power for each sub-set of tones (i.e. multiple
measurements) and the output 63 A is the corresponding vari-
ance. The output 62B is also the estimate of a power quantity
being the sum of neighbour cell interference power and ther-
mal noise floor power for each sub-set of tones and the output
63B is the corresponding variance. Since the outputs are from
the Kalman filter arrangement, these parameters are the only
ones needed to define the estimated Gaussian distributions
that are produced by the filter. Thus, enough information is
given to define the entire probability distribution information
of the power estimates.

The second block 32 applies recursive Bayesian estimation
techniques in order to compute a conditional probability den-
sity function of the minimum of one of the above mentioned
power quantities. Because of the recursive procedure
appended below, said procedure modifies related techniques,
based on sliding window estimates, thereby reducing the
memory consumption to a negligible level.

The minimum also accounts (by Bayesian methods) for the
prior distribution of the thermal noise power floor, thereby
improving the average performance of the estimation when
evaluated over an ensemble of radio base stations. The actual
value of the noise floor can also be calculated by a calculation
of the mean value of the estimated conditional probability
distribution function.
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The recursive algorithm can be applied either separately to
each sub-set of tones or to the whole LTE uplink frequency
band after summation of powers and variances.
Regarding the first alternative, individual estimation for
each frequency is likely to be sensitive to random errors and
several recursive thermal noise floor estimators need to be
run. However, as compared to prior art, the memory con-
sumption of the recursive algorithm is reduced by about a
factor of 100, thereby enabling also application to individual
subsets of tones.
Specifically regarding the second alternative, the block 32
receives the power estimates 62A and the corresponding stan-
dard deviations 63A as inputs, and provides an output 64
comprising the estimated probability distribution of an
extreme value, typically the minimum computed recursively,
intended to represent a good approximation of the conditional
probability distribution of the thermal noise power floor.
Parameters 66 giving information about a prior expected
probability distribution of the noise floor power are provided
to the conditional probability distribution estimation block 32
in order to achieve an optimal estimation.
The third block 33 performs the steps of
estimating of the conditional probability distribution of the
thermal noise power floor of each subset of tones, for
each time slot (typically representing a user terminal),
from the conditional probability distribution of the
uplink thermal noise power floor, obtained as the signal
64;

estimating of the neighbour cell interference power, for
each time slot (typically representing a user terminal),
from the conditional probability distribution of the ther-
mal noise power floor of each subset of tones according
to the above step, and from the signals 62B and 63B
obtained from the block 51;

estimation of optimal estimates of the thermal noise floor
and the corresponding variance, as well as the neighbour
cell interference and the corresponding variance, said
optimal estimates being obtained as conditional means
of the conditional probability distributions of the first 2
bullets.

A modified version of the previously described method
discloses a simplified soft solution. Only the total uplink LTE
power is measured and a simplified algorithm for only ther-
mal noise power floor estimation is applied. The simplified
algorithm accordingly applies a simplified, one-dimensional
Kalman filter for estimation as outlined in Appendix A. The
reason why this filtering step is used is that the subsequent
(still soft) processing blocks require probability distributions
as input. These are best generated by a Kalman filter in the
first processing block, corresponding to block 31 of the pre-
viously described method. Using this method alone, the cor-
responding thermal noise power floor values for the subsets of
tones can then be computed as described below. However, the
calculation of estimates of neighbour cell interference
requires further processing. The estimation of neighbour cell
interference is thus a critical component in that it provides an
input to an LTE scheduler function of the eNodeB. There is a
definite need for soft estimation of the thermal noise floors
and neighbour cell interference levels for selected subsets of
tones. Noise floor estimation is performed by the same algo-
rithm for these two cases. Appendix B describes a soft noise
floor estimation algorithm, which is the basis for the present
recursive soft noise floor estimation algorithm.

Further definition of the present invention needs a descrip-
tion of the LTE air-interface, LTE scheduling mechanism, and
LTE admission control algorithm.



US 9,124,367 B2

9

1. The leakage of power from adjacent tones to any tone of
the LTE uplink causes an additional source of interference.
The disclosed techniques for estimation of the thermal noise
power floor of subsets of tones and for subsequent estimation
of neighbour cell interference power to the same subsets of
tones benefit from a removal of said leakage power.

2. The prior art algorithms based on soft sliding window for
estimation of the thermal noise power floor consumes too
much memory for efficient eNodeB implementation. Hence,
there is a need for more memory efficient soft noise floor
estimate algorithms. There is also an additional need to pro-
vide soft noise floor estimate algorithms with enhanced track-
ing abilities.

3.Itis beneficial for the LTE scheduler to know the level of
neighbour cell interference in a subset of tones of the LTE
uplink for a specific time slot. For this reason it is essential to
provide means for estimation of the neighbour cell interfer-
ence power and the thermal noise power floor, for each of said
subset of tones of the LTE uplink. Given this information, the
scheduler can assess the fraction of neighbour cell interfer-
ence, as compared to the noise floor, for each subset of tones
(asubset may also contain only one single tone). Note that no
user may be allocated to some of said subsets of tones. Using
the information on the fraction of neighbour cell interference,
the scheduler can avoid scheduling of new users to subsets of
tones with high values of said fraction of neighbour cell
interference. This improves the transmission of information
from the new users, so allocated. In addition, the new users
avoid creating interference that would have corrupted users in
neighbour cells that are the likely reason for any high level of
said fraction of neighbour cell interference.

4. The admission control function of the LTE system also
needs to know the levels of neighbour cell interference, in
order to be able to avoid admission of users in case said
fraction(s) of neighbour cell interference would be too high,
overall or in selected subsets of tones.

5. There is a need for signaling the subset of said total cell
power, total own cell channel power, total neighbour cell
interference power, and thermal noise power floor for said
subsets of sub-bands, to another function of the eNodeB,
another eNodeB, or another node for use in admission control
algorithms.

In order to meet the above mentioned needs, multiple mea-
sures have been identified:

Regarding the removal of the leakage power in processing
mean of the block 31 it is first noted that all powers and
measurements are assumed to model the sum of powers from
all tones of the subset m,. The following models are then
introduced for the subset m;:

Prony T+ 1) = Prpyy (0 + Wy 0 (1) (3)
y . iy i= M
Auwxiliary _ pAwiliary Auxiliary ., > ¢ >
P,(m‘_) t+1)= an‘_) 0+ Witmy) ()
Primpmeasurement & = Primp (1) + €56, () 4

Total
1(m;),measurement

pL

1(m;),measurement

(0 = Py + pludliary 1y o

Tom) (n+

Total
om) (1).

Above, (3) is the state model and (4) is the measurement
model. The states are selected as the own channel power of the
subset of tones and the auxiliary power, which is intended to
model the thermal noise power floor plus the neighbour cell
interference power. Wy, (1) and wy,,, (1) denote the
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system noises associated with the selected states. These quan-
tities are assumed to be Gaussian distributed.

The measurement equations (4) model the measurement of
the own power of the subset of tones m,, as well as the total
measured power of the subset of tones m,. The quantities e
Tom (1) and ej(mz_)Toml(t) denote the measurement noises of the
selected measurements. These noises are assumed to be
Gaussian distributed.

The quantity Pj(ml_),maswmenf(t) has not been disclosed
before. It is a pseudo-measurement that models the leakage of
power from adjacent tones into the tones of the subset m,. As
can be seen, it can be moved over to the left side of the last
equation of (4), thereby correcting the total power measure-
ment. A suitable model for the leakage power is assumed to be

h(zn(fk —m] ;o
s ————
A frone

Py measurement(D) W

A frone

pL

T(m; )measurement

n=K
fiElony) fi# T

where K is a constant and P,.,,,...s.emen (1) denotes the chan-
nel power measurement on the single tone with frequency f.

Given the equations (3)-(5) a Kalman filter can be defined
and executed. Regarding a memory efficient soft noise floor
estimation, multiple processing means for the block 32 are
identified.

To recapitulate, a possible straight-forward approach for
estimating the minimum is to compute the estimate over a
pre-determined interval of time, a so-called sliding window.
The detailed mathematical description of the estimation of
the conditional probability distribution based on such a slid-
ing window is known in prior art and given in Appendix B.
The algorithm of Appendix B requires parameters for man-
agement of the sliding window size, since the window size
affects the computational complexity. More importantly, the
algorithms require storage of two matrix variables, together
occupying as much as 0.4-0.8 Mbyte of memory. In particu-
lar, one probability distribution function and one cumulative
distribution function needs to be computed on a grid, for each
power sample that is stored in the sliding window. Typically
the grid is discretized in steps of 0.1 dB over the range —120
dBm to —70 dBm, resulting in 1000 variables, for each power
sample in the sliding window. With 100 samples power
samples in the sliding window, the result is a need to store
400000-800000 bytes depending on if 4 byte or 8 byte vari-
ables are used. This may be a too high memory consumption
for typical DSP implementations in eNodeBs, in particular
regarding the fact that each eNodeB may serve several cells
and noise floor estimation is needed for each antenna branch
of said cells. In addition one algorithm may be needed for
each subset of tones for each antenna branch. The computa-
tional complexity is not a problem since the updates of the
noise floor only need to take place a few times per minute,
meaning that the noise floor updates for different cells can be
scheduled to different intervals of time. A further problem
indirectly relates to the use of a sliding window for estimation
of'a minimum, more particularly due to the fact that a power
sample with a small value that enters the sliding window
remains there during the whole duration of the window. Dur-
ing this period, the small value naturally dominates the mini-
mum estimate. Hence, in case the noise floor starts to
increase, this is not properly reflected until the power sample
with a small value is finally is shifted out of the sliding
window.
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Thus, in view of disadvantages related to the use of a
sliding window, in particular regarding the memory prob-
lems, the present invention instead uses a recursive algorithm
for soft noise floor estimation.

In order to find a suitable recursive algorithm, approxima-
tions in the computation of the probability distribution of the
minimum power, i.e. the noise floor estimate, are introduced.

All notation used in the following part of the description is
explained in detail in the Appendix B. Briefly, t denotes time,
x denotes (discretized) power, f denotes probability density
functions and F denotes cumulative distribution functions.

The first step towards a recursive formulation is to remove
the transient effect of the sliding window by consideration of
the case where

Tpa

—0
g >

Q)

i.e. where the width of the sliding window becomes infinite.

Then, the key formula (B12) of Appendix B is transformed
into:

) , = M
A, mtn{xOPTma e )}‘_, Y @

Z Fastt (e =SB 1) | (1= Paslix — 257567 (1)
i<t

g=t
g’

For the discussion that follows, the update time t is dis-
cretized, i.e. a subscript ,,is introduced to give:

Snin(tn -x) = f (3)

()
0 ’ Y
mtn{xmeal(r )}r/ Y

=ty

o Kab
= Z fo(r’\rN)(x—xp?'o%"(t’ [ v))

=ty
~Katr
1_[ (1= Faxtgip(x = 35forat (g1 2w)))
gty
g+’

where t,, is the discretized time of update.

The first approximation to be introduced is obtained by
replacement of the smoothing estimate Xpma™“"*"(1'It,)) by
the filter estimate & pma™“"#"('|t"), according to:

£ pTotal N (1|1 VR pToral I (1] 1). Assumption 1

This assumption means that the smoothing gain is assumed
to be small. In practice the approximation means that a
slightly worse performance is accepted, to gain computa-
tional simplifications. Approximation 1 simplifies equation
(8) to

Snin(In - X) = ©
§ Jastern (5 = 3ptoit @ 1O) [ T (1= Fasigor(x = $pomst @1 @)))-
V=t a=ty
=i e

The next step comprises a formulation of a recursive
update of a completed product. The completed product, I'(t,,
x) is defined as

10

15

20

25

30

35

40

45

50

55

60

12

Cav, 0 = [ | (1= Faainlx - 555560 (a1 @) 10

gsty

It then follows that the completed product can be formu-
lated recursively by:

[tne, %) = 1_[ (1 - Favga(x — 3550 (41 90)) )

G=IN+L
< Kalm
=(1- FAx(rN+1\rN+1)(x - 2ot (et | tnen))

[T - Favam - 25557 @1 90))
=ty

~Kabn
= (1 = Fantepgy gy ) = Xpfoiet Uyt | na1))

[y, x).

This is the first result, where it is noticed that calculating a
present completed product I'(t,, ;,X) i.e. a product of comple-
ments of a cumulative error distribution of a first power quan-
tity, can be computed as a product of a previously computed
completed product I'(t,.x), i.e. a previously computed prod-
uct of complements of the cumulative error distribution of the
Ijrst power quantity and a first factor 1-F,., ]f(x—
Rt~ (1 Iy, 1)) based on a new complement, of the
cumulative probability distribution for the first power quan-
tity.

The next step is to obtain a recursive update of the prob-
ability density function of the minimum power itself, i.e. to

write ,, (t,»X) recursively. This is obtained as follows, start-
ing with (9).
aiman 12
Snin(Ins1, X) = Z fo(r’\r’)(x_jf,;Téral @ 10) 2
sty
1_[ (1 - FAX(q\q)(x _5‘,;77'%;7’”(‘“ q))) =
9=IN+1
g#t’

< Kal
Faxte ey s X — S pforat et | tne))

[T (- Faalx - 255557 @1 @2)) +

G=IN+1
GHIN+1
~Kalman
E fAX(;/\;/)(X—XPToral ([I | [,))
=ty

[T (- Fagale - 25 1 9)) =
9=IN+1
g#t’

< Kal
Faxte ey s X — S pforat et | tne))

[T - Faaa (s - ¥ 1 @) +
sty

~Kab
fAX(,/\,/)(x —xp?orrn;ln([, | [,))
=ty
+Kalman
(1= Fastey, 1oy e )& = pTomat (et | Ine1))) X
~Kab
[ 11 = Facomle - 556 @ | ) =

gsty
e

~Kaln
Fastens yye X = XpTorat (et | ine))Cy, ) +
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-continued
~Kal
(1= Faxy oy s (X = EpTorat vt | ine0))) fnin(Ew ).

Here it is seen that the computation of an updated condi-
tional probability distribution of the noise floor measure f,,,,,
(ty,1-X) canbe performed as a summation of two terms. A first
term oy 1 (X=X (It DT (LX) is a product
of the previously computed product I'(t,,x) of complements
of'the cumulative error distribution of the first power quantity
and a second factor fo., . X=X o S GV )}
This second factor is as seen based on a new probability
distribution for the first power quantity. The second term
(l_FAx(tNH\tNﬂ)(X_)A(PTOMIK A s 1 My 1)) (%) 5 @ prod-
uct of a previously computed conditional probability distri-
bution f,, (t,,x) of the noise floor measure and the first factor
l—FAX(tN”‘tNil)(x—ﬁprozalKalma"(tN+lItN+1)) already used in the
recursive calculation of the completed product.

Asa conclusion, it is seen that a recursive calculating of the
conditional probability distribution of the noise floor measure
is based on a previously computed conditional probability
distribution of the noise floor measure, a previously com-
puted product of complements of a previously computed
cumulative error distribution of the first power quantity, and a
new probability distribution for the first power quantity. The
product of complements of the cumulative error distribution
of the first power quantity is also recursively computable
based on a previously computed product of complements of
the cumulative error distribution of the first power quantity
and a factor being the complement of a new cumulative prob-
ability distribution for the first power quantity. The recursive
computation is in other words a coupled recursive computa-
tion of two quantities, namely the conditional probability
distribution of the noise floor measure itself and the product
of complements of the cumulative error distribution of the
first power quantity. These are the main entities which have to
be stored from one update to the next. Said main entities are
discretized over the same power grid as used by the sliding
window algorithm (see Appendix B), however, the time
dimension of the sliding window is removed. A reduction of
the memory requirements by a factor of 100 as compared to
soft noise floor algorithm based on sliding window tech-
niques can be achieved.

The recursive computation can be illustrated graphically as
in F1G. 4: 400 denotes a currently computed error distribution
for the first power quantity. A cumulative error distribution of
the first power quantity is calculated in 401. The first factor
404, based on the cumulative error distribution, is entered into
the recursive calculation 402 of a product of complements
together with the previously computed product of comple-
ments 405. The previously computed product of comple-
ments 405 is also combined with a second factor 409 into a
first term 408 for the recursive calculation 403 of the condi-
tional probability distribution of the noise floor measure. The
second term 407 into this calculation 403 comprises the first
factor 404 and a previously calculated conditional probability
distribution 406 of the noise floor measure.

The presently proposed recursive approach involves an
approximation. However, the influence of this approximation
is almost negligible. The variation between a sliding window
implementation and the recursive algorithm disclosed in the
present document is only about 0.05 dB mean square. The
varying behavior of the disclosed algorithm is due to a tuning
for best tracking performance.

In its basic form, the recursive approach implies the prop-
erty of never forgetting any previous information completely.
The algorithm will therefore converge to a steady state and

20

25

40

45

55

14

any drifts or changed conditions will have problems to influ-
ence the noise floor estimation after a while. It is therefore a
further embodiment to include some sort of data forgetting
mechanism.

A first alternative of data forgetting is simply to interrupt
the algorithm and let the algorithm start up again from initial
values. This will allow for changes in conditions but will
decrease the performance during the first period after start-up.
Thus, a further alternative is to let a new recursion start up
some time before the old one is stopped. In such a case, the
new one may have approached the true noise floor value better
before it is actually used. This, however, implies two parallel
recursions that are active for some time. According to yet
another alternative data forgetting can be introduced by recur-
sive discrete time filtering techniques, e.g. by means of a
standard recursive first order discrete time filter. The band-
width of the resulting algorithm is directly controlled by the
filter constants of the recursive filter. For each fixed power
grid point, the recursion (12) is in a form that immediately
lends itself to introduction of data forgetting, considering
f,,..(tx-X) as the state and I'(t,,x) as the input. Using 0<f3<1 as
filter constant, results in the recursion:

Jrain O 1) =B=F atapg, 16, 0=
Eplota® T 1 3 ey ) it H(1=
[5)fo(zN,luN+1)(X—fPT""”Ka 1 g oy D) (G%). (13)
The recursion (11) cannot be cast into linear recursive
filtering form as it stands. However, by taking logarithms, the
following recursion is obtained

In(T(En 1%) = =F g, e pF—

LpTorat T (1 1y, 1)+ (130)). (14)

Data forgetting can then be introduced into (14) using the
filter constant c.. The result is:

In(T(ty, 1%)=(1=COIN(1=F i, 1, &=
Sploraman (e (1 ke (L (t)).

(15)

After exponentiation, the following geometric filtering
recursion is obtained:

Tty 1.%)=(1-F, x—
e (6
The recursions (13) and (16) constitute the end result. The
output from these coupled recursions is combined with the
prior information as in (B13) of Appendix B, and the calcu-
lations proceed from there.
Initiation of (13) and (16) is obtained by putting:
T(tox)=1(= T(t,x)=1-

Fauy ul)(X—fPTO"’lKalman(ll 7)) (17)

FouinltoX)=0(Z fruin(t %)=
fo(zlul)(x"ePTO"”Kalma"(ll‘h)))a

(18)

which is the correct initial behavior.

Still other alternatives to introduce data forgetting relate to
the use of stochastic propagation of the probability density
function of (12). This requires a dynamic model assumption
for the diffusion of the probability density function. The
approach is fairly complicated and is not treated in detail here.

The introduction of recursive algorithms for soft noise
floor estimation require only approximately 0.005 Mbyte of
memory per cell, i.e. about 1% compared to sliding window
approaches. The recursive algorithms reduce the computa-
tional complexity further, also as compared to the sliding
window algorithms. They avoid the need for control of the
computational complexity with parameter constraints,
thereby also reducing the number of parameters for manage-
ment significantly. They also allow tuning by consideration of
standard engineering bandwidth considerations, using alpha
and beta tuning parameters.
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The tracking properties of the recursive algorithms can be
further improved, e.g. by introducing a specific handling of
certain threshold parameters to obtain good tracking proper-
ties over very wide dynamic ranges. During iterations the
values of the probability density function of the minimum
power can become very small in grid points well above the
wideband power measured in a cell. It can even be 0 to within
the resolution of the computer arithmetic. This is acceptable
as long as the thermal noise floor does not change. However,
in case the thermal noise power floor suddenly increases, very
small values of the probability density function that fall below
the measured wideband power after the noise floor change,
will require a very long time to grow until they become close
to 1. As a consequence, the tracking ability will be poor in
case the noise floor would increase. Actual changes can
thereby take very long times before being noticed at all. In
order to counteract this unwanted behavior, a minimum per-
mitted value of the probability density function of the mini-
mum power is introduced. Any calculation of a smaller value
will be exchanged to the minimum value. Typically, a value
around 0.000001 has been found to be suitable.

However, a consequence of the above change is an
unwanted bias when the estimate of the thermal noise power
floor is estimated. The origin of said bias is the artificially
high values of the probability density function of the mini-
mum power that is normally introduced in the majority of the
grid points. These high values result in domination by high
power grid points in the conditional mean, a fact that mani-
fests itself in a too high estimated noise power floor. Fortu-
nately this latter problem can be taken care of by simply
removing power grid points that are at the minimum level
from all calculations of the conditional mean. In other words,
for the purpose of estimating the thermal noise power floor,
the grid points falling below the minimum value are instead
set to identically zero. Note that this should also be applied
when a soft noise rise estimate is computed using a quotient
distribution. The algorithmic additions enable tracking over
more than 50 dB of input power. This in turn makes it possible
to efficiently handle erroneously configured eNBs that can
occur in LTE networks. Such erroneously configured RBSs
may see artificial noise floors between -120 dBm and -70
dBm. Furthermore, one can avoid the need for the safety nets
that are required for various sliding window algorithms.
These safety nets introduce logic for further control of the
estimated thermal noise floor.

Regarding obtaining an estimate of the thermal noise
power floor for each subset of tones the approach described
herein is to apply one instance of the recursive soft noise floor
estimator defined above to the sum of the estimated auxiliary
powers of the respective subsets of tones estimated with a
Kalman filter based on the model defined in equations (3)-(5).
These are obtained as the signals 62B and 63B. The input to
the noise power floor estimator then consists of auxiliary
power of the complete LTE uplink frequency band as illus-
trated in FIG. 2. In principle, the estimation of the thermal
noise power floor can also be performed according to FIG. 3
using the total wideband power of the LTE uplink frequency
band. This can sometimes be performed directly at the radio
unit of the eNodeB.

For a “soft scaling” algorithm, the output is the conditional
probability distribution of the thermal noise power floor of the
LTE uplink band discretized on a user chosen power grid (see
appendix B for details). This signal is provided as the entity
64. This conditional probability distribution is denoted
f, _(x), where x denotes a power (discretization is omitted

Py 1E . ,
here for notational convenience).
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The problem is now that the noise power floor of the sub-
sets of tones differs from the noise power floor of the com-
plete uplink LTE band. However, by performing a change of
power variables a transformation that yields the desired con-
ditional probability distributions results. From the definition
of a probability distribution function it follows that

1 ()—dF (), i=1 M o
PNJ(m‘_) x) = Ix PNJ(m‘_) X)) =1 ..., M,
where
Fpy gy 0 1= L o M
i=1, ..., M, denotes the corresponding cumulative probabil-

ity distribution functions. By definition and use of the prop-
erties of thermal noise

) = Pr{Py ) < %) o

F
= P{[Aﬁ /Z Afi]PN,LTE = x]
i=1
F
= P{PN,LTE < [Z Af: /Aﬁ]x]

i=1

F
= FPN,LTE[[ZAﬁ/Aﬁ]X]’ i=1,..., M,
-1

F
Pr Tomy)

from which it follows from (19) that

@D

Ip

N Tm;)

(x) =

F
Y
Y fPN,LTE[[; Aﬁ/Aﬁ]x],

i=1,... , M.

Following a discretization of equation (21) together with
an estimation of the noise power floor of the complete LTE
uplink band represents a good strategy since all available
signal energy is used and since only one instance of the
thermal noise power floor algorithm is used.

A “hard scaling” algorithm provides a quantity P,, ,LTEH“"”
which is the minimum estimated by a recursive soft noise
floor algorithm. From this it can be calculated

lard  _ Aﬁ PHard
NI — ZAﬁ NLTE"

There are thus two main alternatives for obtaining esti-
mates of the neighbour cell interference power, more particu-
larly a hard neighbour cell interference estimation or a soft
neighbour cell interference estimation.

To describe the first alternative regarding hard estimation,
the input to this computation consists of

The measured own channel power of the subset m; of tones,

Py (D), i=1 ... M.
The measured total power of the subset m, of tones, P
Zmy, ), =1, .. M.
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The optimal estimate of the thermal noise power floor of
the subset m, of tones, PNJ(mi)(t), i=1, . .., M, here

obtained by the recursive algorithm above.
The (pseudo-) measured own cell uplink leakage power, P
7(mz_)L(t), i=1l,...,M,cf (5.
The estimate of the neighbour cell interference is then
computed as

P I(mz-)N(l):P I(ml-)Tmal(l)—P ome) (D)= T(mi)L_
M.

NN e . (22)

The optimal estimate of the thermal noise power floor may
be computed softly or hardly (i.e. as a minimum value). If a
recursive method is used for noise floor estimation then the
thermal noise power floor is given by the so called conditional
mean, computed from the conditional probability density
function

Ie

N,Tm;)

(x).
In the continuous domain, the formula for the computation is

o = . @23
Nf"([):f xpr’(m_)(x)dx, i=1,...,

In a practical implementation the integral is replaced by a
sum over a discretization grid. The same one-dimensional
grid that is used for estimation of

Ie

NIm)

€9

is preferably used.

To describe the second alternative regarding soft neighbour
cell interference estimation it is noted that this approach
differs from the hard alternative in that a probability distribu-
tion function for the neighbour cell interference is first com-
puted. The optimal estimate of the neighbour cell interference
then follows by a computation of the conditional mean of this
probability distribution function. An advantage of this
approach is that it is optimal. A further advantage is that it is
possible to compute an uncertainty measure of the computed
optimal estimate. This measure is the so called conditional
variance. The uncertainty is highly valuable for LTE sched-
uling and admission control operation, when signaled to said
scheduling and admission control functions/nodes.

Noting that after filtering in the block 31 and recursive
estimation of the conditional probability distribution of the
thermal noise power floor in the block 32, the following
equation holds

P, T(mz-)N(l):P T(mi)AuxiliaW(l)—P NI (DAL, M, (24)

Since the two stochastic variables on the right hand side of
(24) have both been characterized in terms of their condi-
tional probability distributions, it follows that the conditional
probability distribution function of the neighbour cell inter-
ference power of each subset m, of tones can be computed by
a computation of the distribution of the difference between
two stochastic variables. The following (known) result can be
used for this purpose:

When considering two stochastic variables X and with
distributions f;(x) and fy(y), the difference Z=X-Y has the
distribution
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£ = f " e fy e+ 0.

In a practical implementation all continuous quantities are
discretized on their own individual grid. The probability dis-
tribution of the auxiliary powers is provided by the signals
62B and 63B whereas the conditional probability distribution
of the thermal noise power floor is provided by equation (8)
exploiting the input 64 form block 52.

In order to describe the procedure for soft estimation of the
thermal noise power floor, the following steps are used in a
conceivable embodiment of the present invention:

Step 1:
Inputs: The following input signals are used

fP,(m‘_)(f),

a Gaussian, distribution with mean obtained from 62B and a
variance obtained from 63B, i=1, ..., M.
fx70my(t), the conditional probability distribution of the
thermal noise power floor estimator obtained from (21)
Both the above quantities are discretized.
Calculation: This is performed according to the Prior
result, resulting in the distribution

foy @ i=1 o M.

Step 2:

The optimal estimate of the neighbour cell interference,
and the corresponding optimal variance, are computed as
conditional means

@5

AN * .
Pronp(0) = f xfpy (0dx, i=1,... .M,
o Imp)

26)

o M,

oo N 2 )
([):f (X_Pl(m;)) fon dx, i=1, ...,
Tm;) —co T(m;)

using a suitable discretization.

The scheduling and primarily the admission control algo-
rithms of the LTE system, require signaling of the quantities
estimated above, to the node(s) where the scheduling and
admission control algorithms are located. The following
alternative pieces of information are useful to transmit to the
scheduling and admission control nodes of the LTE system:

2 >N A2 5 ~2 . 1
P s Pronys O , P (D), & i=1,... M,.
NI(my)» T Tomy) P”‘:m‘_) ’(m‘)() P1imp)

celllD (implicitly or explicitly).
2. Praomys Pj(mz_)N, Proy®, =1, ..., Mi=1, L. I celllD
(implicitly or explicitly).

R AN - .2
P 1omy> Promp | Py 1imp)> Tew P 16>
;



US 9,124,367 B2

19

-continued

o s )
Prony ! Pty Oy 1 Fvtiony

i=1,...M,.

celllD (implicitly or explicitly).
4. PN,T(mi)S PT(MI)N/PNJ(MI)S P7(m1-)/PN,7(mi)5 l:l, Ce ey I, celllD
(implicitly or explicitly).

In addition to the above-discussed algorithms, the interfac-
ing of them into the existing eNodeB system needs some
enhancements.

In the description above, it is assumed that the power
estimations concern uplink LTE communication. The power
measurements are in such cases performed by a node in the
E-UTRAN, typically the eNodeB. However, at least parts of
the procedure, e.g. the determining and/or estimating steps,
may also be performed in other parts of the communication
network.

FIG. 6 illustrates main parts of an embodiment according
to the present invention in a wireless communication system
60. Said communication system 60 comprises a radio access
network 61, e.g. E-UTRAN. A mobile terminal 62 is in radio
contact with an eNodeB 63 in the radio access network 61.
The eNodeB 63 is connected to a gateway node 64 compris-
ing, inter alia, mobility management entity and user plane
entity and connected to the core network (CN) 65. In this
embodiment, the eNodeB 63 further comprises means 66 for
determining neighbour cell interference estimates and ther-
mal noise floor estimates for subsets of tones for the uplink.

Advantages of the present invention comprise:

Means for recursive estimation of the thermal noise power
floor for subsets of tones in the uplink of an LTE system,
said means being optimal, thereby providing a superior
estimation performance

Means for estimation of neighbour cell interference for
subsets of tones in the uplink of an LTE system, said
mean being optimal, thereby providing superior estima-
tion performance.

Signaling means for transmission of the optimal estimates
to the LTE scheduling function, thereby providing the
scheduler with superior information for cellular traffic
scheduling decisions.

Signaling means for transmission of the optimal estimates
to the LTE admission control function, thereby provid-
ing the admission control function with superior infor-
mation for cellular traffic scheduling decisions.

FIG. 9 illustrates a flow diagram of main steps of an
embodiment of the method according to the present inven-
tion. The procedure starts in step 90. In step 91, a number of
samples of at least the total uplink power are measured. In
step 92, a probability distribution for a first power quantity is
estimated from at least the measured samples of the total
uplink power. The first power quantity can be the total uplink
power. In step 93, a conditional probability distribution of a
noise floor measure is computed based on at least the prob-
ability distribution for the first power quantity. This step is
performed recursively. Finally, in step 94, a value of an inter-
ference measure is calculated based at least on the conditional
probability distribution for the noise floor measure. The pro-
cedure ends in step 95.

The embodiments described above are to be understood as
a few illustrative examples of the present invention. It will be
understood by those skilled in the art that various modifica-
tions, combinations and changes may be made to the embodi-
ments without departing from the scope of the present inven-
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tion. In particular, different part solutions in the different
embodiments can be combined in other configurations, where
technically possible. The scope of the present invention is,
however, defined by the appended claims.

APPENDIX A
Kalman filter for RTWP measurements
A proposed algorithm for the case where the total RTWP is

measured is a prediction-update filter, where the subscripts
distinguish between the prediction and the update steps.

PE ction(t = Tonin) (Al)
Kupdate(1) = —z
Ppredictiont = Tnin) + FMeasurement
PR = (A2)
Total Total Total
Prrediction T = Tmin) + Kupdare(0) X (Pifeasurement () = Ppregiciion )
2 A3
PO = PCY T Plyicion(t = Tin) (A3
U = ! Predicti - -
pate rediction P g‘r’:d‘-aion([ = Tonin) + FMeasurement
PRicionD = Pl @) (A%
Toni (AS)
P cion(D) = Pl (D) + T =
Correlation
(A1)-(AS) are repeated increasing t by steps of T,,,;,,.
Initialization is made at t=0 by:
Prpedicion “(0)=Po™ (A6)
P Prediczioncw(o)zp 0 (A7)

As seen above, the updating gain K, ,..(t) is computed
from the model parameter r,,,,,,,.men, and from a predicted
covariance P ;... C°"(t-T, . ) obtained at the previous
sampling instance. The total wideband power updated with
the latest measurement P, , .. 7**(t) is then computed, using
the prediction P, 0, 2“/(t) and the new measurement
Prsovsirement (). The next step is to compute the updated

covariance P, dae" 2 (0) from the predicted covariance and

fromr,,, .. emens 1 the final steps of iteration new values of
Pp,edicﬁonToml(t) and Py, ssion"°"(t) are calculated and the

time is stepped. T,,,,, denotes the sampling period.

APPENDIX B

Estimation of the conditional probability distribution of a
minimum power

PToral ( 7 ).

min
r’e[rfTLag,r]

Note: Itis very natural to estimate minimum powers. How-
ever, the choice to use the minimum value is really ad-hoc. In
a general case, an extreme value of a quanity in some way
dependent on the estimated P™* quantity would be possible
to use as a base for the further computations. However, as a
simplest embodiment the quantity

PToral ( 7 )

min
r’e[rfTLag,r]



US 9,124,367 B2

21

is considered here. Note that P™*“ in the coming disscussion
refers to the total uplink power. In this appendix t is used to
donate time.

Notation, conditional probability and Baye’s rule

In the following Bayes rule and the definition of conitional
mean, for probability distributions, are used extensively. The
following definitions and results can be found e.g. in any text
book estimation.

Probability distributions: Consider two events A and B,
with probability distributions f,(x) and fz(y), respectively.
Then the joint probability distribution of A and B is denoted
£, 5(X.Y)-

Note that the events and the conditioning are expressed by
subscripts, whereas the independent variables appear within
the parentheses. This notation is used only when probability
distributions and cumulative probability distributions are
used. When state estimates and convariances, e.g. of the Kal-
man filter, are refered to, the conditioning may also appear
within parenthess.

conditional probability distributions: The conditional
probability distributions f,,5(x) and {5, ,(y) are defined by:

fAJz(Xa}’):fA &) =T (LX)

Note that as a consequence of the notation for probability
distributions, also the conditioning is expressed as subscripts.

A solution of the above equation now results in the famous
Bayes rule:

1)

JaaWfa®) (B2

Fantd) = =205

Note that the rules above are best understood by useing
intersecting circle diagrams. The formal proofs to obtain the
results for probability distributions can e.g. use infinitesimal
limiting versions of motivations for the probability cases.

Conditional probability of the minimum—model and gen-
eral expressions

In this section some general properties of a minimum esti-
mator are derived. Towards that end, the following notation is
introduced. The Kalman filter or Kalman smoother estimate
of PP“(1") is denoted by:

AT Y = 2T 6D i) (B3)

~Kalman

= X pTotal (f/ | {y(S)}Se[,,TLDg,,],

~Kalr =T,
R Tl (1 = Trog | YT Lo2)),

Here t' denotes some time within [t-T,,, t]. The condi-
tional distributions are, under mild conditions, all Gaussian
sufficient statistics, i.e. onloy second order properties are
needed in order to describe the conditional probability distri-
butions. This is reflected in the conditioning in the last expres-
sion of (B3). The conditional distributions follow as:

~Kalman , » Kalman 2 B4
J;}K)%n(,,)‘y,(x)eN(x,,rml @ | o), (oK | ), (B

kalman

where indicates that the estimate is computer with
the kalman filter or, if t'<t, the Kalman smoother. The quan-
tities Rpoa " (t'1t) and (0pma*"([t))* denote the
power estimate and the corresponding covariance, respec-
tively, i.e. the inputs to the estimator. Note that (B4) assumes
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that the corresponding estimate at time t-T,,, is used as
initial value for the Kalman filter.

Then the conditional distribution for the minimum value of
the power estimate can be further developed. Towards that
end the following model is assumed for the relation between
Xt ((Y=P>T%/(1") that represents the true power and
R prona @A (11[£)=P7%I(|1t) that represents the estimate:

X plotal® () =5 pTotal X1 (11| )4 Ax pTotai(2]1) (B3)

% plotal®(1')eN(% pToatXeMan 1| 1) (O ploral <M (1/]£) ). (B6)

This is in line with the above discussion on sufficient sta-
tistics. The notation for the distribution of Axprw=(t'It) is
henceforward simplified to:

Jax(®). ®7)

Note that this distribution does not have to be assumed to be
Gaussian (although this is mostly the assumption made).

The conditional probability distribution of the minimum
value of X e (t')=P*"" ("), t'e|t-T, ,.t] is then to be esti-
mated using data y (t), obtained from the time interval [-oo,t].

As will be seen below, smoother estimates are theoretically
required as inputs to the conditional probability estimation
algorithm for the minimum power that operates over the time
interval [t-T, .t|. To formally retain optimality in the devel-
opment, the smoother estimates should also be calculated
using all data in [t-T,,t|. However, in a practical imple-
mentation, these smoother estimates are typically computed
using only a short snapshot of data around the selected
smoothing time instance. Several such smoothing estimates,
from [t-T,,,.t], are then combined to estimate the condi-
tional probability distribution. In the coming discussion the
interval [t-T,,.t] is retained in all quantities though, so as
not to complicate the development too much. A further sim-
plification can be obtained by replacement of the smoother
estimate with a Kalman filter estimate. Simulations indicate

that this can be done with very little loss of performance.

The conditional distribution of the minimum value can
now be written as follows (cf. (BS)):

. . x), (B8)
fm‘n{xoprma,(r’)}xe[ri%g S]Y’,mtnXOPToml(rfTLog)( )

where the last quantity of (B8) denotes the initial information
of the minimum value. In the following Bayes rule and the
definition of conditional mean, for probability distributions,
are used extensively.

Then apply Bayes rule and the definition of conditional
probability to (B8) using the definitions:

A= miney oo (g,

= minad
B:= mmeTO’al(r—TLDg)

C:=Y

The following chain of equalities then holds, using Bayes
rule, the definition of conditional probability distributions,
and the result 5 o (XY= 514, (c10(X,y) (the latter result is
easily checked by the drawing of a three-circle diagram):
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mate is calculated, the same prior is again applied. The prior
is hence not updated in the basic setting of the estimator.

Jaca & ) fax) (B9) L.
Japclo) = % To state the complete conditional pdf some further treat-
' ment of the first factor of (B10) is needed. The error distribu-
_ Jmaanx a0 5 tion f,4(x) of (B7), together with the definitions (B5) and
Jclx. y) (B6) will be central towards this end. Further, in the calcula-
tions below, F( ) denotes a cumulative distribution, i.e. the
- Jwaxan @fenNfx ) integral of f. Pr(.) denotes the probability of an event.
Foclx.y) The following equalities now hold for the first factor of
(B10):
Foin ¢ () = Prl min{x0p. (7 =x|Y' ®11)
{X(}))Toral(r’)},/E[FTLDgJ]y ) '{mm{x” ot )}’/E[”Tlog"] * )
— iy ’ t
=1- Pr{mm{xPTo,a, (t )}”E[’*TLDgJ] > X | Y )
V7, Axprom (0| D) >
=1-P
A
PrAx ot | D) >
=1-
v * Yyt @ 10)
. (1 = PriAxproa(t | 1) <
=" «Kalman
- /
vl Tieg] X=Xt (1 D))
=1- (1 - FAx(r’\r)(x —5";%%"(1/ | f)))-
r’e[rfTLog,r]
-continued The fourth equality of (B11) follows from the assumption
T.a,c@fcia()fa&) that the Kalman smoother provides a sufficient statistics, i.e.
= ) (BS) and (B6). The last equality follows from (B7). Obvi-
Fonc@fac@ el ously, the most natural assumption is to use a Gaussian dis-
=T ey tribution for F,p . However, (B11) actually allows other
distributions as well.

The last step can again be easily verified by drawing circle . Tl}e ﬁpal step mn t,he der.‘lvatlon. of the first fac.to.r of the
diagrams. Now, according to the definitions above, the first 4° distribution function is to differentiate (B11), obtaining:
factor of the numerator of (B9) is a prior and hence the
conditioning disappears. The second factor of the numerator
will be further expanded below, whereas the last factor of the d Frin (@) ) (B12)
numerator and the denominator can be treated as parts of a 0= PIoal ™ N e[i 1y ]
normalizing constant. Back-substitution of the definitions of 45 min{xOPTmal(r,)}/ , dx
A, B and C then proves the relation: velTLog-1]

Z Fasie e = 2t (7 1 0)
it X ot (1) Vmind (1)) = B10) ,
’/E[”TLogx] k pTotal ’4 50 re[rfTLog,r]
1
Ef'""”{xopToral (’/)};’e[r—T v (x)f'"""xoprmal(’*TLog)(x) ) 1_[ (1= Fasiox = pfil (41 1)
Logs GE[t-Trog:1]
gt

One consequence of (B10) that needs to be kept inmind is 55
that a smoothing problem is at hand. The Kalman filtering . . .
based pre-processing step treated above hence formally needs Combining with (B10), gives the end result:
to include a Kalman smoother step. In practice, the Kalman
filter is normally sufficient though. 13
Final Expansion of the Conditional Mean of the Minimum 60 / = R @) = ®13)
Power m‘"{XpToral 4 )}’/E[”Tlogvr] L4 'm‘"XpToral (”Tlog)

The starting point of this subsection is equation (B10) that )
states that the conditional pdf (probability distribution func- - Z Saxieiolx— 255men e | )
tion) is given as the product of a prior (initial value) and a ¢ ef o]
measurement dependant factor. The prior is supplied by the 65

user and should reflect the prior uncertainty regarding P. Note
that whenever the sliding window is moved and a new esti-
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-continued

(1= Faxgio = Spfnct'(q10))

[

qelt-Ty, g,r]
g#t’

. =)

13 orat ~TLog)

The expression may look complex. It is fortunately
straightforward to evaluate since it is a one dimensional func-
tion of Gaussian and cumulative Gaussian distributions given
by:

lemref B9
fo(;’\;)(x—J?’;?‘gfgln 10)= W e 2o ’,g?'gr";,”(,/\r))z
Faxin(x = 335t (7 10) = [ x—%’;%f,',";,"(r’\r)fw(’/")(y)d y
1 [ (x— b m)] (B15)
= zerfc - |

V2ol 1o

The quantities Xpea™“"(t'lt) and opm~*""(t'It) are
readily available as outputs from the Kalman smoother, or the
simpler Kalman filter.

If'a noise floor value is to be provided as an output, a mean
value computation is performed on the output distribution.

In summary, the above derived expression can be rewritten
as

Jnin(Pi) = B16)

NpowerSamples NpowerSamples

[

=1
Jl

SrowerSampie(is k) (1 = Frowersampte(f, k)

i=1

The invention claimed is:
1. A method of estimating neighbor cell interference in a
node for a wireless communication system, comprising:

measuring a total uplink power per a subset of tones;

measuring an own channel power per the subset of tones,
wherein the subset of tones includes at least one tone;

combining for all subsets of tones auxiliary power quanti-
ties from at least the total uplink power per subset of
tones to form a total auxiliary wideband power for an
entire uplink band, wherein the auxiliary power quanti-
ties model a thermal noise power floor plus a neighbor
cell interference power;

recursively calculating, in the node, a thermal noise floor
measure based on the total auxiliary wideband power,
wherein each auxiliary power quantity comprises a
mean value and a variance corresponding to a Gaussian
probability distribution for each subset of tones, the
Gaussian probability distribution is obtained by opti-
mum filtering, the noise floor measure comprises a con-
ditional probability distribution of the minimum of the
total auxiliary power, dividing is performed by a trans-
formation of the conditional probability distribution of
the minimum of the total auxiliary power, and the trans-
formation is based on the bandwidth of each subset of
tones; and

15

20

30

40

45

65

26

dividing the calculated noise floor measure into sub noise
floor measures for each subset of tones based on a band-
width of each subset of tones to obtain a neighbor cell
interference measure for each subset of tones from at
least the sub noise floor measures.

2. The method of claim 1, wherein obtaining a neighbor
cell interference measure includes determining a probability
distribution of the neighbor cell interference power for each
subset of tones according to a difference distribution between
the auxiliary power quantity and the divided sub noise floor
measures, both for each subset of tones.

3. The method of claim 2, further comprising calculating an
optimal estimate of the neighbor cell interference as a condi-
tional mean.

4. The method of claim 3, further comprising calculating an
optimal estimate of the variance of the neighbor cell interfer-
ence as a conditional variance.

5. The method of claim 1, further comprising calculating an
optimal estimate of the thermal noise floor as a conditional
mean of the probability distribution.

6. A method of estimating neighbor cell interference in a
node for a wireless communication system, comprising:

measuring a total uplink power per a subset of tones;

measuring an own channel power per the subset of tones,
wherein the subset of tones includes at least one tone;

combining for all subsets of tones auxiliary power quanti-
ties from at least the total uplink power per subset of
tones to form a total auxiliary wideband power for an
entire uplink band, wherein the auxiliary power quanti-
ties model a thermal noise power floor plus a neighbor
cell interference power;

recursively calculating, in the node, a thermal noise floor

measure based on the total auxiliary wideband power,
wherein the thermal noise floor measure corresponds to
a conditional probability distribution of a noise floor
measure and wherein recursive calculation of the condi-
tional probability distribution of the noise floor measure
is based on a previously calculated conditional probabil-
ity distribution of the noise floor measure, a previously
calculated product of complements of a previously cal-
culated cumulative error distribution of the auxiliary
power quantity, and a new probability distribution for
the auxiliary power quantity; and

dividing the calculated noise floor measure into sub noise

floor measures for each subset of tones based on a band-
width of each subset of tones to obtain a neighbor cell
interference measure for each subset of tones from at
least the sub noise floor measures.

7. The method of claim 6, wherein recursive calculation of
the conditional probability distribution of the noise floor mea-
sure is based on recursively calculating the computed product
of complements of a previously computed cumulative error
distribution of the auxiliary power quantity.

8. The method of claim 7, wherein recursively calculating
the conditional probability distribution of the noise floor mea-
sure comprises:

calculating a present product of complements of the cumu-

lative error distribution of the auxiliary power quantity
as a product of a previously computed product of
complements of the cumulative error distribution of the
auxiliary power quantity and a first factor based on a new
complement of the cumulative probability distribution
for the auxiliary power quantity; and

calculating the conditional probability distribution of the

noise floor measure as a sum of a first term and a second
term, the first term being a product of the previously
computed product of complement of the cumulative
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error distribution of the auxiliary power quantity and a

second factor based on a new probability distribution for

the auxiliary power quantity, and the second term being

a product of the previously computed conditional prob-

ability distribution of the noise floor measure and a the 5

first factor.

9. The method of claim 8, wherein recursively calculating

the conditional probability distribution of the noise floor mea-
sure is performed according to:

10
_ Kalman
min +1s = JAx(, 1, - otal + + ’
Fonin(ine1s ) = fastey sy lye )& — Epfret (et | tve) U, %) +
Ka
(1= Faxy, loye )& — XpToiat it | Ive0)) fonin(in s %),
~Ka
Tl %) = (1 = Fasaya oy, (% — Xpfomt (et | inen)))C oy, %), 15

where t, is a measuring time of sample N of at least the total
uplink power, x denotes discretized power, f,,,,(ty,X)
denotes a probability density function of a minimum of 5
the auxiliary power quantity at time t,, I'(t,,X) denotes
the product of complements of the cumulative error dis-
tribution of the auxiliary power quantity, f Axtyl tMl)(x—
R proa M1ty ) denotes an error distribution of
the auxiliary power quantity at time t,,,, and js
| SYNSPRPIN . S0 AR Ity ) denotes a cumula-
tive error distribution of the auxiliary power quantity at
time ty, ;.
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